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ABSTRACT Printed ridge gap waveguide (PRGW) is considered among the state of art guiding technologies
due to its low signal distortion and low loss at Millimeter Wave (mmWave) spectrum, which motivates
the research community to use this guiding structure as a host technology for various passive microwave
and mmWave components. One of the most important passive components used in antenna beam-switching
networks is the quadrature hybrid directional coupler providing signal power division with 90◦ phase shift.
A featured design of a broadband and compact PRGWhybrid coupler is propose in this paper. A novel design
methodology, based on mode analysis, is introduced to design the objective coupler. The proposed design
is suitable for mmWave applications with small electrical dimensions (1.2 λo × 1.2 λo), low loss, and wide
bandwidth. The proposed hybrid coupler is fabricated on Roger/RT 6002 substrate material of thickness
0.762 mm. The measured results highlight that the coupler can provide a good return loss with a bandwidth
of 26.5% at 30 GHz and isolation beyond 15 dB. The measured phase difference between the coupler output
ports is equal 90◦± 5◦ through the interested operating bandwidth. A clear agreement between the simulated
and the measured results over the assigned operating bandwidth has been illustrated.
INDEX TERMS 5G communications, millimeter-wave components, hybrid coupler, ridge gap waveguide.
I. INTRODUCTION
With the incredible growth of mobile communication tech-
nologies and its broad applications, the wide spectrum asso-
ciated with the mmWave frequency bands have recently been
attracted significant attention. Communication in mm-Wave
frequency bands is a potentially viable solution for high-data
rate applications with a massive number of connected devices
compared to current 4G cellular networks [1], [2]. Such
enhancements in the characteristics of the wireless telecom-
munication system stimulate the development of various tech-
nological methods. One direction is utilizing a very large
number of antennas that can simultaneously accommodate
The associate editor coordinating the review of this manuscript and
approving it for publication was Young Jin Chun .
many users and are controlled by smart systems that incor-
porate beam-scanning techniques [3], [4].
For the 5G applications, beam-switching subsystems and
the associated components should meet the various tech-
nical requirements such as low loss, small size, and low
cost. The traditional couplers can be designed by classi-
cal guiding configurations such as waveguides, microstrip
lines, and striplines [5]–[12]. On the other hand, these guid-
ing structures suffer from significant losses at mmWave.
To overcome this issue, modern guiding structures such as
substrate integrated waveguide (SIW) and a ridge gap waveg-
uide (RGW) have been introduced as promising candidates
for high-frequency band applications [13]–[17]. The com-
parison between both technologies were visited many times
over the past decade, and yet no clear superiority for one
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technology over the other [18]. On the other hand, different
hybrid coupler components have been implemented by SIW
technology, which have a compact size [19], [20]. However,
many of these designs suffer from a narrow bandwidth, lack
of isolation, and significant dispersion. Therefore, utilizing
the state of the art guiding structures, especially PRGW,
is recommended for mmWave applications [21], [22]. PRGW
is considered as a featured solution to overcome the afore-
mentioned defects of the traditional technologies. PRGW
technology introduces a small signal distortion since it sup-
ports a Q-TEM propagating mode [23]–[25]. In addition,
it has a low loss at high frequencies so it is suitable for
mmWave applications where the wave mostly propagates
inside an air gap [18], [26], [27]. Few trails have been reported
in the literature regarding the design of quadrature hybrid
coupler using PRGW technology [28], [31]–[33]. However,
these reported designs suffer from a limited bandwidth, large
size, poor phase imbalance, and high loss.
In this paper, a wide band hybrid coupler is proposed,
driven by three objectives. First, it is implemented by PRGW
technology to inherit the technology advantages needed for
mmWave applications. Second, the wide impedance and
isolation bandwidth is a major objective at 30 GHz. Last,
the proposed design aims to provide the electrical characteris-
tics in small size, which results in a compact beam-switching
systems as an ultimate goal. These goals have been satisfied
through a novel design methodology based on modal analysis
for the coupler center patch. The organization of the paper
is as follows. Sec.II illustrates the design concept for the
proposed PRGW coupler. Afterwards, the fabricated circuit
and the measured results of the coupler are shown in Sec. III.
Moreover, Section IV highlights the evaluation of the pro-
posed design among the similar published designs in terms
of all electrical specifications. Finally, the outcomes of the
proposed design are given in Sec. V.
II. PRGW HYBRID COUPLER
In this section, the systematic design procedure and a real-
ization of the proposed coupler using PRGW technology is
presented. First, the proposed PRGW structure is designed
to cover more than the required operating frequency band
using the Eigenmode Solver. Then, a full wave analysis is per-
formed to ensure the confinements of the electric field within
the PRGW structure. Afterward, a systemic design procedure
for calculating the initial coupling section dimensions based
on a novel modal analysis is proposed and discussed. Finally,
the optimum performance is achieved through a fine tuning
process over the whole operating frequency band.
A. PRGW STRUCTURE DESIGN
The design of the microwave passive components based on
PRGW is considered as a significant research area due to the
recently reported advantages [15], [28]. The design of this
guiding structure mainly depends on the design of Electro-
magnetic Band Gap (EBG) structures based on mushroom
shape as shown in Fig. 1(a). The EBG unit cell design is a
FIGURE 1. PRGW structure design. (a) Section of PRGW guiding structure.
(b) Dispersion diagram of the PRGW line.
straightforward procedure visited in many articles and text-
books [29], [30]. Here, a Roger RT 6002 substrate material
with dielectric constant of 2.94 and a loss tangent of 0.0012 is
selected to design the EBG unit cells. These EBG unit
cells are the building block of the PRGW structure, where
they are responsible for eliminating the wave propagation in
the transverse direction and ensure the fields confinement
above the ridge. The period P of EBG unit cell is 0.18 λ
with air gap h2 = 0.508λ, where λ is the free space wave-
length at 30 GHz. In order to validate the operation of the
PRGW structure shown in Fig. 1(a), an Eigenmode solver in
CST Microwave studio Suite is used. The band-gap within
the operating frequency from 22 to 38 GHz is shown in
the dispersion diagram plotted in Fig. 1(b). In this band-
gap, the fields will be confined within the ridge having a
quasi- TEM field distribution result in a dominant mode
with minimal dispersion. To emphasize on the operation of
the designed PRGW structure, a straight PRGW line shown
in Fig. 2(a) is simulated using the CST Transient Solver,
where the electric field within the line is depicted in Fig. 6.
It is clear that most of the fields are bounded within the ridge
and a large exponential decaying for the fields in the trans-
verse directions prevent any leakage of the wave outside the
structure.
B. PRGW COUPLER DESIGN
The 3-D geometrical configuration of the proposed coupler is
shown in Figs. 3(a) and 3(b). The proposed coupler consists
of two PRGW lines crossing each other at right angles con-
nected by a square junction surrounded by EBG unit cells as
shown in Fig. 3(c). For exciting the proposed PRGW coupler,
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FIGURE 2. Wave propgation in PRGW structure. (a) PRGW line. (b) E-field
distribution.
a microstrip transmission line to PRGW transition that shown
in Fig. 3(d) was designed in the transition layer on a Roger
RT 6002 substrate with a dielectric constant of 2.94, a loss
tangent of 0.0012, and a substrate height h2 = 0.508 mm.
It is worth mentioning that the transition layer allows testing
the proposed coupler and acts as a spacer between the upper
ground layer and the mushroom surface as well.
The initial dimensions of the proposed coupler are obtained
through performing mode analysis for the coupling section
using the CST Eigenmode solver by considering a cavity res-
onator with boundaries assigned as shown in Fig. 4. A Perfect
Boundary Condition (PMC) is considered for the sidewalls
and bottom of the cavity that represents the EBG mushroom
unit cells around the coupling section in the proposed coupler,
while the top wall is considered a Perfect Electric Conduc-
tor (PEC) due to the presence of the ground plane. There
are only three parameters used to control the operation of the
proposed hybrid coupler, which are the size of the coupling
section Wc as well as the length of the cuts L1 and L2 as
indicated in Fig. 4.
Parametric studies were carried out to investigate the effect
of the coupling section design parameters on the frequency
response of the proposed PRGW coupler. From the mode
FIGURE 3. (a) 3-D geometrical configuration of proposed coupler.
(b) Side-view. (c) Coupler layer. (d) Transition layer.
analysis, it can be observed that there are two resonance
frequencies within the bandgap, where the locations of these
frequencies can be controlled by L1, L2 andWc. The effect of
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FIGURE 4. The proposed cavity resonator coupler model.
L1 and L2 on the two resonance frequencies is presented in a
3-D plot as shown in Fig. 5 for different values ofWc. It can
be seen from these figures that symmetrical cuts result in two
modes with equal resonance frequencies, while asymmetrical
cuts with different sizes make the two resonance frequen-
cies far from each other. Therefore, for a wide bandwidth
of operation, the two cuts must be asymmetrical with dif-
ferent sizes to make the difference between the lower and
higher resonance frequencies enough to cover the desired fre-
quency bandwidth without deteriorating the mid-bandmatch-
ing level. In addition, the center operating frequency can be
controlled byWc, where the effect of this critical parameter is
shown in Figs. 5(a), 5(b), and 5(c). Hence, the initial values of
the coupling circuit are taken to beWc = 5 mm, L1 = 1.9 mm,
and L5 = 0.4 mm. These dimensions result in two resonance
frequencies approximately at 27 GHz and 33 GHz, where
the integration between these two resonances can cover the
desired bandwidth without affecting the mid-band matching
level. The center band is 30 GHz, while the objective band-
width is from 26-34 GHz. This prediction is confirmed from
the simulated and measured S-parameters that are shown in
the simulation and experimental validation section, where we
can observe that there are two resonance frequencies through
the operating bandwidth. Besides, at these two resonance
frequencies, the proposed configuration acts as a coupler,
where deep matching and isolation levels are satisfied. This
can be illustrated in Fig. 6, where the electric field distribution
depicted the isolated port.
To understand the operation of the proposed coupler, it can
be classified as branch line coupler. This classification is
packed by three obvious remarks shown in the field dis-
tribution figures. The First remark is that the electric field
intensity is significantly decreased at the center of the patch
and the high intensity is allocated on the outer ring of the
patch as shown in Fig. 6. The second remark is that the
distances between the center points of the four feeding lines
are approximately equal to a quarter wavelength at the center
frequency. The third remark is that changing the coupler
dimensions L1 and L2 does not only controls the locations of
the resonances, but also control the coupling levels as shown
in Fig. 7. This figure shows the effect of varying L2 on the
coupling value (S31), while keeping L1 at the optimized value.
This explanation gives a brief physical insight of the proposed
coupler operation mechanism. In addition, it can be used to
FIGURE 5. The effect of the cuts size on the resonance frequencies for
different values of the coupling section width Wc . (a) Wc = 4.8 mm.
(b) Wc = 5 mm. (c) Wc = 5.2 mm.
evaluate the dimension selection of the coupler based on the
Eigin mode solver deployed in this article.
III. SIMULATION AND EXPERIMENTAL VALIDATION
The proposed PRGW coupler was fabricated using a stan-
dard PCB process, where the fabricated layers are shown
in Fig. 8(a). The coupler is assembled using plastic screws
as shown in Fig. 8(b), where a plastic holder is designed to
mechanically support the fabricated coupler while measuring
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TABLE 1. Comparison between milimeter wave coupler configurations.
FIGURE 6. The E-field distribution of the proposed PRGW coupler at
different frequencies. (a) F = 27 GHz. (b) F = 33 GHz.
it using the N52271A PNA network analyzer. The Thru-
Reflect-Line (TRL) calibration was taken into consideration
in order to avoid the transition losses.
FIGURE 7. The effect of L2 on the coupling value.
The S-parameters were sequentially measured using the
PNA Model: N52271A through port 1 and port 2 of the
coupler, while the other two ports are connected to 50 
matched loads as shown in Fig. 8(b). Fig. 8(c) shows the
measured S-parameters compared to the simulated ones of
the proposed hybrid coupler. Accordingly, it demonstrates
that the fabricated coupler provides the bandwidth from 26 to
34 GHz with a return loss and isolation beyond 15 dB over
the operating frequency band.
Fig. 8(d) shows the measured phase difference compared
to the simulated one. It can be depicted from this figure that
a 90◦ phase is achieved between the output ports with ± 5◦
over the whole operating bandwidth. The amplitude balance
between both output ports is measured, where a± 0.75 dB is
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FIGURE 8. Fabrication and measurement of the proposed coupler. (a) The
fabricated layers of the proposed coupler. (b) Measurement setup. (c) The
proposed coupler response. (d) Simulated and measured output ports
phase difference.
observed from 28 to 32 GHzwith a measured loss of 0.7 dB at
the center frequency of the desired bandwidth. There is a good
agreement between the measured and the simulated results,
where the discrepancies between the aforementioned results
are due to the fabrication tolerances and the layer alignment
of the proposed circuit.
IV. DESIGN EVALUATION
Finally, a design evaluation has been taken place through
a comparison among other reported couplers implemented
with different guiding technologies. This comparison is sum-
marized in Table 1. The proposed PRGW coupler has a
compact size and low insertion loss compared to the SIW
couplers. The microstrip technology, can provide a smaller
size on the expense of the bandwidth with higher insertion
loss. Regarding the PRGW coupler presented in [28], it has a
narrow band performance, which achieves only 6 % relative
bandwidth at 30 GHz. In addition, the design concept in [28]
is based on selecting the coupling section width, where the
even and odd characteristic impedances are intersecting each
other at single frequency, which results in a narrow band
performance. On the other hand, the presented work focuses
on improving performance based on different design criteria
as described above. Another PRGW coupler at 30 GHz has
been presented in [32], which has a narrow bandwidth with
a large amplitude imbalance over the operating bandwidth.
A PRGW multi-layer configuration has been introduced
in [31], which provides a narrow bandwidth and has a large
size, which limits their utilization in practical applications.
Compared with the coupler presented in [33], which has
smaller bandwidth of 16 %, the proposed coupler achieves
a matching level of−15 dB over wider operating bandwidth.
In addition, it has larger size which results in large losses.
As a result, a remarkable improvement in the performance is
achieved, where the proposed coupler has a 26.5% relative
bandwidth with a stable phase balance over the whole oper-
ating bandwidth. Therefore, the proposed PRGW coupler
circuit introduces a miniaturized size as well as a featured
performance.
V. CONCLUSION
A hybrid directional coupler implemented by PRGW tech-
nology at 30 GHz has been proposed. The design procedure
of the proposed PRGW coupler has been illustrated based on
the mode analysis of the center coupling patch. The proposed
coupler has been fabricated andmeasured, where a wide band
performance of 26 % has been achieved at 30 GHz. In addi-
tion, a nearly 90◦ phase difference has been obtained over the
interesting operating bandwidth. The measured results have
been shown a good agreement with the simulated ones. This
coupler can be considered an excellent candidate for future
wideband mmWave beam switching networks.
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